Formation of spatially periodic fronts of high-energy electrons in a radio-frequency driven surface microdischarge J. Dedrick The generation of spatially periodic fronts of high-energy electrons (>13.48 eV) has been investigated in a radio-frequency surface microdischarge in atmospheric-pressure argon. Optical emission spectroscopy is used to study the Ar I 2p 1 À 1s 2 transition surrounding a filamentary microdischarge, both spatially and with respect to the phase of the applied voltage. The formation of excitation fronts, which remain at a constant propagation distance throughout the RF cycle and for the duration of the pulse, may be explained by a localized increase in the electric field at the tip of surface-charge layers that are deposited during the extension phase. Non-thermal microdischarges offer a means to generate low-temperature (about 300 K) ionized gases at atmospheric pressure.
1 Their non-equilibrium populations of ions and electrons facilitate the generation of reactive plasma chemistry with relatively small power requirements. These useful properties have resulted in their recent application to biomedicine. 2 In asymmetric surface barrier discharges (ASBDs), the reactive species propagate over the surface of a dielectric material. A low-profile design enables the discharge to be readily accessible to the target, while the dielectric barrier between the electrodes mitigates arcing. 3 Sample access is a significant challenge in atmospheric-pressure plasmas and can be solved by employing a plasma jet. 4 However, this is only suitable for applications requiring targeted treatment and ASBDs have the advantage of not requiring a continuous gas feed. Therefore, they may be particularly suited to largearea applications such as sterilization, 5 aerodynamic flow control, 6 and the modification of material surfaces. 7 Over the past decade, the majority of ASBD research has been undertaken in the dielectric-barrier-discharge frequency band (DBD: up to 500 kHz (Ref. 8) ). The elevated rate of electron oscillation in RF discharges (several MHz) enables distinctive discharge behaviour including enhanced repeatability due to a strong memory effect and a lower breakdown voltage. 9 These useful properties are coupled with elevated optical-emission intensity, 10 which being a function of the electron energy distribution function and the plasma density, is a potentially significant advantage.
The deposition of plasma species, e.g., ions and electrons, on the dielectric as surface charge is critical to the performance of ASBDs. 11 In this study, the propagation of relatively high-energy electrons, i.e., with an energy significantly greater than the bulk at 1-2 eV (Ref. 12 ) and hence play a key role in excitation and ionization processes, is investigated for a 13.56 MHz ASBD with particular interest in the formation of surface-charge structures.
The reactor consists of two identical 70 lm thick, 10 mm wide, and 30 mm long copper tape electrodes with rounded ends. These are horizontally offset and affixed to either side of a 150 lm layer of Kapton tape as shown in Figure 1 (electrode length is measured into the page). The grounded electrode is encapsulated in Kapton so that ionization only occurs between the powered electrode and the dielectric. The propagation distance of the discharge is measured along the longitudinal axis of one microdischarge and this is perpendicular to the edge of the powered electrode as shown by the downwards arrow in Figure 1 .
A vacuum chamber houses the reactor in an environment of atmospheric-pressure argon. This is achieved by evacuating the chamber with a rotary pump and then introducing argon gas until atmospheric pressure is reached. RF power is coupled to the exposed, powered electrode using a broadband amplifier and the power level is regulated using a 2-channel arbitrary waveform generator to ensure that the RF pulses are phase locked with the camera trigger.
The discharge is pulsed to minimize dielectric heating and a mode comprising 300 lm long filaments is generated using pulses with a duration of 15 RF cycles (1.1 ls) and a period of 30 ls. 13 The region-of-interest for imaging is the area surrounding one microdischarge, for which optical emission is visible up to 6 mm past the maximum propagation distance of the filament.
For optimum optical access, the reactor is installed directly in front of a window in the vacuum chamber and positioned such that the plane of the dielectric layer, which is the surface over which the discharge propagates, is on the same horizontal plane as the chamber window and camera aperture. An intensified charge-coupled device camera (ICCD: 1024 Â 1024 13 lm 2 pixels) is used to detect the optical emission from the discharge. A band-pass filter is fitted to the camera aperture and has a central wavelength of 750 nm and a full-half-width-maximum (FHWM) of 10 nm to facilitate the study of the Ar I 2p 1 À 1s 2 transition at 750.4 nm.
The ICCD is triggered to acquire an image of the discharge once per pulse of RF power. The acquisition interval is constant at 4 ns and this corresponds to 18.5 images per RF cycle at 13.56 MHz (74 ns). The optical emission from each time-step is measured and then accumulated over thousands of pulses to achieve a sufficient signal-to-noise level.
The voltage measured at the powered electrode, which is defined here as the applied voltage, is obtained using a high-voltage probe. To accurately reconcile the phase of the applied voltage at the powered electrode with the optical emission detected by the ICCD, the signal delays introduced by the apparatus are measured.
The applied voltage and corresponding optical emission from the discharge are shown in Figure 2 . The voltage envelope (a) increases steadily to approach 550 V by the end of the pulse. The intensity of the optical emission (b), as measured along a line-of-sight in the direction perpendicular to the edge of the powered electrode (see Figure 1) illustrates a very high degree of repeatability, i.e., the discharge forms in exactly the same location for each successive cycle of the applied voltage.
Clearly evident in Figure 2 (b) is the separation of the discharge into two distinct bands as it propagates out from the edge of the powered electrode. This may be due to the presence of a population of positive space charge (argon ions) that is created by strong ionization at the discharge tip during each RF cycle. Due to the approximately linear increase in the applied voltage throughout the pulse, the propagation distance of the discharge also increases at a constant rate 14 and this may result in the separation of the discharge on either side of the space-charge region.
Horizontal bands of increased optical-emission intensity are also observed in Figure 2 (b) and occur in approximately 700 lm intervals at the maximum extent of propagation of the discharge during each RF cycle. These "fronts" are residual over the course of the pulse and remain at a constant propagation distance despite the time-varying amplitude of the applied voltage within each RF cycle. The formation of these spatially periodic structures is studied by observing the behaviour of relatively high-energy electrons, which play a key role in excitation and ionization processes. For a weakly ionized discharge at atmospheric pressure, the 2p 1 energy level is mostly populated by electron-impact excitation from the ground state. 15 By monitoring the Ar I 2p 1 À 1s 2 transition at 750.4 nm, which requires electrons with an energy greater than 13.48 eV, the behaviour of energetic electrons can be tracked by calculating the variation in the electronimpact excitation from the electronic ground state as a function of time E i ðtÞ using the method of Gans et al.
where n 0 is the ground state density, A ik is the transition probability from state i to state k, _ n Ph;i ðtÞ is the number of photons detected per unit volume per time, and A i is the effective decay rate. Since the FHWM of the filter is 10 nm, the 2p 5 emission at 751.5 nm is also collected. However, this diagnostic configuration has previously been found to be sufficient for the observation of strong trends in the 2p 1 emission. 17 E i ðtÞ was calculated for one RF cycle, as defined by the arrows in Figure 2(b) , and is shown in Figure 3 . The corresponding measurements of the applied voltage (arbitrary units of magnitude) are included at the bottom to give an indication of the phase and three distinct intervals (each 4 ns) of excitation activity are identified A-C.
In the first quarter of the RF cycle, the rate-of-change of the applied voltage is at a maximum and the discharge propagates out from the powered electrode as has been observed previously in RF and DBD surface discharges at atmospheric pressure. 18, 19 However, as the voltage approaches its maximum value in the cycle (1168.5 ns), which is here defined as the extension phase (A), the maximum excitation is observed in a separated front region (see Figure 2) .
The front in (A) is observed to propagate significantly slower at 4 Â 10 4 m/s than the tail at 3 Â 10 5 m/s. Although 1 ls) with a 30 ls period. In (b), the edge of the powered electrode is located at a propagation distance of 0 mm and the arrows indicate the interval over which the electron-impact excitation is shown in Figure 3 .
the velocity of the tail is in agreement with previous results for atmospheric-pressure surface discharges in argon, 20 this decrease in velocity with propagation distance may be attributed to the decreasing rate-of-change of the applied voltage as it approaches its maximum value within the RF cycle.
As the applied voltage approaches its minimum value (B), the discharge exhibits enhanced excitation activity close to the edge of the powered electrode. This becomes pronounced when the applied voltage exceeds 500 V (1000 ns in Figure 2 ) and is suggestive of a transition to the gamma mode.
When the rate-of-change of the applied voltage reverses again (C), the free electrons that were produced during (A) may be accelerated on the other side of the region of positive space charge, although with significantly weaker excitation.
Images corresponding to the E i time-steps A-C are shown in Figure 4 . Radially expanding excitation fronts, which are similar with those previously observed for the impact of a discharge with a dielectric layer, 21 appear in intervals of approximately 700 lm and this distance correlates very closely with the stripes of elevated opticalemission intensity in Figure 2 (b) and excitation in Figure 3 . It is interesting to note that the excitation fronts remain clearly visible in each image, even though the voltage amplitude and rate-of-change are different in each case. This suggests that there exists a localized increase in the electric field at these locations, which is not strongly dependent upon the phase of the applied voltage.
It is proposed that at the end of the extension phase (A in Figures 3 and 4) , a portion of the secondary electrons generated by strong ionization within the front are deposited on the dielectric as surface charge. These remain on the surface for the remainder of the pulse and may result in a localized increase in the electric field at the tip of the surface-charge front. Due to an increase in the applied voltage throughout the pulse, as shown in Figure 2(a) , the discharge propagates further and further away from the powered electrode with each RF cycle. Therefore, the localized electric field generated by the presence of surface-charge will also be enhanced at the places where each extension front overlaps that which proceeded it. This process is depicted in Figure 5 .
If the enhanced excitation intensity evident in these localized regions is caused by the presence of surface charge rather than the amplitude of the applied voltage, it can be expected that they are not strongly dependent upon the voltage phase and hence remain visible throughout the RF cycle.
In conclusion, optical emission spectroscopy has been used to determine the dynamics of relatively high-energy electrons, both spatially and with respect to the phase of the applied voltage, in a pulsed RF surface microdischarge in atmospheric-pressure argon. Spatially periodic excitation structures are observed to be highly repeatable throughout the pulse and may be explained by the generation of a localized electric field at the location where electrons have been deposited by previous propagation fronts.
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